Introduction {#sec1}
============

Age-related macular degeneration (AMD) is the main cause of visual impairment and blindness in people aged over 65 years in developed countries. There are two forms of AMD, dry (atrophic) and wet (exudative). Wet AMD is characterized by the formation of choroidal neovascularization (CNV) that leads to the deterioration of central vision and irreversible visual impairment.[@bib1] About 85% of patients with AMD have the dry form, while about 15% of patients progress to the wet or neovascular form of AMD.[@bib1], [@bib2] Vascular endothelial growth factor (VEGF) is the crucial regulator of angiogenesis, and it plays a critical role in the formation of neovascularization in wet AMD.[@bib3], [@bib4] Evidence suggests that retinal pigment epithelial (RPE) cells are an important source of VEGF in wet AMD, contributing to CNV formation.[@bib5], [@bib6], [@bib7] VEGF is overexpressed in the RPE of autopsy eyes with AMD and in RPE cells of surgically excised CNV membranes.[@bib8], [@bib9], [@bib10], [@bib11] Factors implicated in AMD, such as complement activators and reactive oxygen intermediates, are potent stimuli of VEGF expression in RPE cells.[@bib6], [@bib12], [@bib13] Additionally, in animal studies, overexpression of VEGF in the RPE can lead to CNV.[@bib14], [@bib15], [@bib16]

VEGF mediates its angiogenic effects by binding to specific VEGF receptors. Of the primary receptors, VEGFR1 and VEGFR2 are mainly associated with angiogenesis, whereas VEGFR3 is associated with lymphangiogenesis.[@bib17] The soluble form of VEGFR1 results from alternative splicing of VEGFR1, and it is a naturally occurring endogenous inhibitor of VEGF that acts by sequestering VEGF from signaling receptors and forming non-signaling heterodimers with VEGFR2.[@bib18] Currently, anti-VEGF drugs are the standard treatment for this condition, but they must be repeatedly administered over a long period of time, placing a burden on patients and often leading to undertreatment and subsequent vision loss.[@bib19], [@bib20], [@bib21]

Recently, efforts have been made to develop cell-based therapies for the treatment of retinal diseases, including AMD.[@bib22], [@bib23] Administration of human umbilical tissue-derived cells (hUTCs) is being developed as a novel cell therapy for the treatment of geographic atrophy (GA), the advanced dry form of AMD.[@bib24] Because AMD patients typically develop the dry form first, while wet AMD typically occurs on a background of dry AMD, dry AMD is often considered a precursor state for wet AMD.[@bib25], [@bib26] Indeed, GA represents the greatest risk factor for advancing to wet AMD. Neovascular lesions are often present in the periphery of eyes with GA.[@bib27], [@bib28]

To date, the effect of hUTCs on neovascularization in the eye is unknown. Hence, we examined the effect of hUTCs in the laser-induced rodent model of CNV and on RPE VEGF production. Herein, we demonstrate that hUTCs significantly inhibited CNV and reduced choroidal VEGF *in vivo*. Also, VEGF release from ARPE-19 was dose-dependently decreased when the cells were co-cultured with density-dependent hUTCs. Soluble VEGF receptor 1 (sVEGFR1) was detected in the conditioned medium (CM) of hUTCs, and it is shown to be the only factor in the CM that bound VEGF, as analyzed by immunoprecipitation and mass spectrometry (MS). The level of recombinant human VEGF was dramatically reduced in hUTC CM, and it could be recovered by a neutralizing antibody against sVEGFR1. These results suggest that hUTCs have the potential to inhibit VEGF-induced angiogenesis through the secretion of sVEGFR1 and may be developed as a novel cell therapy for the treatment of angiogenic ocular diseases.

Results {#sec2}
=======

Efficacy of hUTCs in the Rat LCNV Model {#sec2.1}
---------------------------------------

Laser-induced CNV (LCNV) rats received subretinal injections of hUTCs or vehicle at 28, 14, 7, or 0 days pre-laser treatment. LCNV lesion size was assessed 14 days post-laser treatment. We found a significant difference between the 7-day pre-laser vehicle and hUTC groups; the mean ± SEM (mm^2^) values were 0.026761 ± 0.00177 mm^2^ and 0.017721 ± 0.00187 mm^2^ (p = 0.0007), respectively, corresponding to a 34% reduction in LCNV ([Figures 1](#fig1){ref-type="fig"}A and 1B). A significant difference was also found between the no-injection and day 7 hUTC treatment groups (p = 0.0178). There was no significant difference between the no-injection and day 7 vehicle treatment groups. Representative images of IB4-stained choroidal flat-mounts from these three treatment groups (no injection, day 7 vehicle, and day 7 hUTC) are shown in [Figure 1](#fig1){ref-type="fig"}C, and they reflect the differences in LCNV lesion size among these groups. Subretinal injections at 0, 14, or 28 days pre-laser treatment yielded no significant differences between vehicle and hUTC groups ([Figure 1](#fig1){ref-type="fig"}). Lesions sizes were measured from between 9 and 11 retinas for each treatment group.Figure 1hUTCs Inhibited Choroidal Neovascularization *In Vivo*(A and B) Rats were treated with subretinal injections of vehicle or hUTCs at 0, 7, 14, or 28 days prior to laser application or assigned to a no-injection control group. All rats were sacrificed 14 days after laser application. Areas of IB4-stained lesions were measured. Lesion sizes were measured from between 9 and 11 retinas for each treatment group. Lesion size was significantly decreased with hUTC injection 7 days prior to laser application (day 7) when compared to the day 7 vehicle control (p = 0.0007) and when compared to the no-injection group (p = 0.0178). Data represent mean ± SEM. (C) IB4 and elastin stainings of representative lesions show the decreased lesion size associated with hUTC injections when compared to the no-injection and vehicle control groups. Data represent mean ± SEM in bar graph (A) and scatter plot (B) format. \*p \< 0.05, \*\*\*p \< 0.001.

Inhibition of LCNV-Induced VEGF by hUTCs *In Vivo* {#sec2.2}
--------------------------------------------------

Subretinal injections of hUTCs and vehicle were performed 7 days pre-laser; VEGF levels in choroidal tissues were assessed 3 days post-laser treatment. Laser treatment significantly elevated VEGF protein levels in choroidal tissues; the mean ± SEM (picogram VEGF per milligram total tissue protein) of the non-injected LCNV group was 69.23 ± 12.41 pg/mg compared to 29.80 ± 6.57 pg/mL for the non-injected and non-laser-treated group (p = 0.0246). The levels in LCNV rats receiving vehicle and hUTCs were 52.56 ± 7.64 pg/mg and 10.62 ± 3.21 pg/mg (p = 0.0252), respectively. We observed a consistent, but statistically insignificant, downward trend in VEGF levels for LCNV rats receiving vehicle injection versus non-injection. Notably, VEGF levels in LCNV rats receiving hUTCs were lower compared to the non-injected, non-laser-treated control group (e.g., below baseline). These results are summarized in [Figure 2](#fig2){ref-type="fig"}. Biologically independent samples taken from three or four retinas in each treatment group were assayed, with three technical replicates for each sample.Figure 2hUTCs Reduced Choroidal VEGF Level *In Vivo*(A and B) Rats were treated with a subretinal injection of vehicle or hUTCs 7 days prior to laser application, or they were assigned to no-laser and/or no-injection control groups. Rats were sacrificed 3 days post-laser, and VEGF protein levels in choroidal tissue were measured by ELISA. Biologically independent samples taken from three or four retinas in each treatment group were assayed, with three technical replicates for each sample. VEGF protein levels were significantly elevated by laser application for no-injection groups (p = 0.0246). VEGF protein levels were significantly lowered by hUTC injection, when compared to the vehicle control group (p = 0.0252). Data represent mean ± SEM in bar graph (A) and scatter plot (B) format. \*p \< 0.1.

Inhibition of VEGF Release from ARPE-19 by hUTCs {#sec2.3}
------------------------------------------------

RPE cells are a proven source of retinal VEGF production *in vivo*, suggesting that RPE cells may contribute to neovascularization in angiogenic ocular disorders.[@bib5], [@bib6], [@bib7] To examine the effect of hUTCs on RPE VEGF production *in vitro*, ARPE-19 cells were cultured with or without dose-dependently seeded hUTCs. VEGF was secreted at around 220 pg/mL from ARPE-19 cultured alone 2 days post-seeding, decreased dramatically from ARPE-19 co-cultured with hUTCs, and became completely undetectable when a high density (30 × 10^3^ or 60 × 10^3^ cells/well) of hUTCs were seeded ([Figure 3](#fig3){ref-type="fig"}A). Moreover, when ARPE-19 CM was incubated with hUTC CM, the detectable VEGF in ARPE-19 CM was reduced markedly and rapidly in 5 min, and VEGF became completely undetectable in 2 days ([Figure 3](#fig3){ref-type="fig"}B). The level of VEGF in hUTC CM was under the detection limit (data not shown). Similarly, recombinant human VEGF (rhVEGF), when added in hUTC CM at 300 pg/mL, became negligible after 5-min incubation and undetectable in 2 days ([Figure 3](#fig3){ref-type="fig"}C). These findings suggest that some factor(s) in the hUTC CM may be able to immediately degrade or bind to VEGF and, therefore, cause VEGF to be degraded or become undetectable.Figure 3hUTCs Reduced VEGF *In Vitro*(A) ARPE-19 cells were seeded at 60 × 10^3^ cells/well in a 24-well plate and cultured with or without density-dependent hUTCs for 48 h, followed by VEGF measurement by ELISA. (B) Conditioned media were collected from ARPE-19 cells and hUTCs cultured individually in a 24-well plate, then mixed at a 1:1 ratio, and cultured for 5 min and 2 days, respectively, at 37°C, followed by VEGF measurement. (C) Recombinant human VEGF (300 pg/mL) was added to hUTC CM and incubated for 5 min and 2 days, respectively, at 37°C, followed by VEGF measurement. (D) rhVEGF (300 pg/mL) was added to hUTC CM preincubated with a broad-spectrum protease inhibitor cocktail and cultured at 37°C for 5 min. VEGF was then measured by ELISA. Data represent mean ± SEM (n = 3).

Proteases can have several distinct effects on VEGF, including cleavage, activation, liberation from extracellular stores, and degradation.[@bib29] VEGF cleavage can occur readily via the proteases plasmin and matrix metalloproteinases (MMPs).[@bib30], [@bib31] To examine the possibility of proteolytic degradation of VEGF, hUTC CM was pretreated with a broad spectrum of protease inhibitor cocktail for 30 min before rhVEGF (300 pg/mL) was added and incubated for 5 min. However, the pre-incubation of hUTC CM with protease inhibitor cocktail had no effect on the decrease of rhVEGF ([Figure 3](#fig3){ref-type="fig"}D). Similarly, rhVEGF was below detectable levels in hUTC CM with or without protease inhibitor cocktail after further incubation for 15, 30, 60, or 120 min (data not shown). This suggests that proteases are not involved in the VEGF reduction in hUTC CM.

Identification of VEGF-Binding Factor(s) in hUTC CM {#sec2.4}
---------------------------------------------------

Many factors have been reported to bind to VEGF, such as neuropilin-2, thrombospondin, connective tissue growth factor, platelet factor-4, alpha 2-macroglobulin, collagen, and heparin sulfate proteoglycan.[@bib32], [@bib33], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38] In an effort to identify the factors bound to VEGF in culture medium, we prepared immunoprecipitation fractions from hUTC CM and control medium using a VEGF pull-down assay. Proteins in hUTC CM that bound to VEGF were pulled down by rhVEGF-conjugated beads. The protein-bead complex was then eluted in buffers. Part of the eluate was used for western blot analysis, and the remaining eluate was further processed for MS analysis. Protein identification was accomplished by liquid chromatography-tandem MS (LC-MS/MS) analysis of tryptic digests of binding fractions, followed by peptide mapping and data analysis.

The only high-confidence identified protein in hUTC CM was vascular endothelial growth factor receptor 1 \[*Homo sapiens*\] (GenBank: gi229892300) ([Table 1](#tbl1){ref-type="table"}). The nine peptides identified provide evidence for the presence of the soluble VEGFR1 protein in the hUTC CM, but not in the control medium. The only other protein identified was porcine trypsin (GenBank: [gi999627](ccdc:gi999627){#intref0010}), predicated on the identification of three autolysis fragment peptides found in both the conditioned and control media ([Table 1](#tbl1){ref-type="table"}). These results suggest that hUTCs secrete the soluble form of VEGFR1 and that this protein binds VEGF. We further confirmed this by the detection of a high level of sVEGFR1 (1,739.0 ± 48.505 pg/mL) in hUTC CM using ELISA. Furthermore, the level of rhVEGF in human CM was significantly recovered when the CM was pre-incubated with a neutralizing antibody against sVEGFR1 ([Figure 4](#fig4){ref-type="fig"}).Table 1Proteins Identified in the hUTC Conditioned Medium and Control MediumSampleGenBank Accession NumberIdentified ProteinNumber of Peptides[a](#tblfn1){ref-type="table-fn"}Control mediumgi999627trypsin, porcine3hUTC conditioned mediumgi229892300vascular endothelial growth factor receptor 1 (*Homo sapiens*)9gi999627trypsin, porcine3[^1]Figure 4Neutralizing Antibody against sVEGFR1 Recovers the VEGF Level in hUTC Conditioned MediumhUTC conditioned medium was pre-incubated with a neutralizing antibody (10 ug/mL) against sVEGFR1 for 1 h at 37°C, followed by the addition of rhVEGF at 1 ng/mL, and incubated for another 30 min. VEGF level was measured by ELISA. Data represent mean ± SEM (n = 3). \*p \< 0.05.

In addition, the hUTC CM eluate from VEGF pull-down immunoprecipitation was subject to western blot analysis, and the molecular weight of sVEGFR1 in hUTC CM was evaluated. Recombinant human sVEGFR1, with a mass of approximately 96 kDa, was used as a positive control. The antibody to sVEGFR1 yielded a predominant band of ∼110 kDa and a minor band of ∼150 kDa in an hUTC CM sample. A single band of ∼96 kDa was detected for recombinant human sVEGFR1 ([Figure 5](#fig5){ref-type="fig"}).Figure 5Western Blot Analysis of sVEGFR1 in hUTC Conditioned MediumThe eluates of hUTC CM and control medium from VEGF pull-down assay were subject to SDS-PAGF. Briefly, 40 uL Tris-eluate solution mixed with sample buffer and 25 ng recombinant human soluble VEGFR1 were run on an SDS-PAGE gel, and the gel-resolved proteins were transferred onto a PVDF membrane. The membrane was blocked with 5% (w/v) BSA, and subsequently it was probed with a biotinylated anti-VEGFR1 antibody targeting the extracellular region of VEGFR1. After washing, the membrane was incubated with streptavidin-HRP, and immunoreactive bands were visualized with enhanced chemiluminescence (ECL). CON, hUTC control medium sample; NEG, negative control (control medium); REC, recombinant human sVEGFR1.

Taken together, the above findings strongly indicate that sVEGFR1 is the only factor in hUTC CM that binds to VEGF.

Discussion {#sec3}
==========

Prior to the advent of anti-VEGF therapy, photocoagulation and photodynamic therapies were the standard of care for neovascular AMD. These approaches are destructive, and in most cases the best outcome is stabilization of vision.[@bib39] With the FDA approvals and clinical applications of the anti-VEGF therapies Macugen (Eyetech Pharmaceuticals/OSI Pharmaceuticals, Long Island, NY, USA) in 2004,[@bib40] followed by bevacizumab (Avastin, Genentech, South San Francisco, CA, USA),[@bib41] ranibizumab (Lucentis, Genentech),[@bib42], [@bib43], [@bib44] and aflibercept (Eylea, Regeneron, Tarrytown, NY, USA),[@bib39], [@bib45], [@bib46], [@bib47] a significant percentage of patients with neovascular AMD began to realize improvement in vision.[@bib39] Typically, patients with wet AMD are treated with anti-VEGF therapies until subretinal fluid is not observed by optical coherence tomography (OCT) or, alternatively stated, until the patient appears dry. A significant percentage of wet AMD patients still demonstrate subretinal fluid after 3 months of multiple intravitreal injections, indicating the need for continued injections.[@bib48] Even after subretinal fluid no longer persists, varied continued treatment strategies may be implemented, including the wait-and-see or treat-and-extend protocols.[@bib48], [@bib49] These are intended to eliminate any residual or prevent the reoccurrence of subretinal fluid. Regardless of the approach, patients affected with wet AMD find themselves having to endure an indefinite number of repeated intravitreal injections of anti-VEGF drugs, along with their associated risk factors, including the development of endopthalmitis and reduced patient compliance.[@bib50], [@bib51], [@bib52], [@bib53], [@bib54]

We propose that anti-angiogenic cell-based therapies may offer a solution to these drawbacks. For example, cells secreting high levels of anti-angiogenic factors could be transplanted to the subretinal space, where they are stably integrated, releasing these factors on a prolonged basis. If such a therapy could be achieved, the problems associated with relapsing pathology due to cessation of therapy and/or multiple intravitreal injections associated with prophylaxis could be avoided. We chose to use subretinal injection in this study, primarily to increase the likelihood that hUTC-secreted factors would be bioavailable at the site of CNV occurrence. Notably, although rare, there are adverse events associated with subretinal injection, including retinal detachment, vitreous hemorrhage, recurrence of submacular hemorrhage, and postoperative development of CNV.[@bib55], [@bib56]

This study yielded data suggesting the feasibility of a cell-based anti-angiogenic therapy against wet AMD. Rodent models of LCNV have been used to test a broad range of potential CNV therapies, including those targeting VEGF.[@bib57], [@bib58], [@bib59], [@bib60] We tested hUTCs via subretinal injection in the rat model, and we observed an approximate 33% reduction of LCNV compared to vehicle controls. Increased VEGF levels are routinely observed in choroidal tissues of LCNV rats, presumably eliciting the neovascular response;[@bib61] therefore, we assayed VEGF levels to determine any possible effect of hUTCs. Indeed, choroidal VEGF was reduced in LCNV rats receiving hUTCs via subretinal injection. The pre-laser injection times of hUTCs used in our *in vivo* VEGF assays were the same as those used in our LCNV efficacy experiments. However, VEGF was assayed at 3 days and LCNV lesion area at 14 days post-laser treatment. An increase in VEGF prior to the onset of the vasoproliferative response is a common finding in experimental models of ocular vasculopathies.[@bib14], [@bib16], [@bib58], [@bib61], [@bib62], [@bib63], [@bib64] These findings are consistent with the hypothesis that hUTC angiostatic bioactivity is due to their VEGF-lowering capacity.

We performed *in vitro* experiments to elucidate any molecular mechanisms that could explain hUTC-dependent decreases in the pathology and VEGF levels we observed in LCNV rats. Several lines of evidence suggest that RPE-derived VEGF is likely to drive the development of neovascular AMD.[@bib42], [@bib60], [@bib65], [@bib66], [@bib67], [@bib68], [@bib69] Therefore, we performed co-culture and CM experiments to test whether hUTCs had any effects on the VEGF levels produced by ARPE-19 cells, and we found that they were reduced by hUTC CM. We used VEGF pull-down assays coupled with MS analysis to identify sVEGFR1 as a potential causative factor. We detected two sVEGFR1 immunoreactive bands shown in a representative western blot ([Figure 5](#fig5){ref-type="fig"}). The major band at 110 kDa is also detected in human umbilical vein endothelial cells and primary human dermal microvascular endothelial cells.[@bib70] The minor band at approximately 150 kDa may be a variant resulting from differences in glycosylation.[@bib71] Molecular weight differences in sVEGFR1 have been reported and attributed to differences in this post-translation modification.[@bib70], [@bib71]

LCNV and choroidal VEGF tissue levels were reduced in rats receiving hUTCs via subretinal injection, and our *in vitro* data suggest that sVEGF1 released from these transplanted cells is responsible. Aflibercept is a VEGF trap that has a higher affinity for all the VEGF isoforms when compared to bevacizumab and ranibizumab.[@bib45], [@bib46], [@bib47] Evidence suggests that it may be superior in cases in which recalcitrant CNV is observed.[@bib72] It is akin to hUTC-derived sVEGFR1 in that it is a chimera constructed of sequences from human VEGFR1 and VEGFR2. Notably, the results we obtained from testing hUTCs against rat LCNV compare favorably to those of pre-clinical studies testing intraocular injection of aflibercept in the same model, in which an approximate 22% reduction in LCNV was observed.[@bib67] In a head-to-head comparison, Macugen, bevacizumab, and ranibizumab (all targeting human VEGF) were tested in rat LCNV by intravitreal injection, and each showed no efficacy against fluid leakage associated with LCNV.[@bib72] In light of these findings, we speculate that increased efficacy may have been observed in the current study had we tested the rat equivalent of hUTCs, releasing the rat sVEGR1 homolog.

Retinal degeneration, a feature of dry AMD, is observed in Royal College of Surgeons (RCS) rat. In a previous study, we found that hUTCs rescue the phagocytic defect of RPE cells isolated from these rats by expressing and secreting trophic factors, including brain-derived neurotrophic factor, hepatocyte growth factor, and glial cell-derived neurotrophic factor.[@bib73] Upon consideration of these data, we were not compelled to test for hUTC-related retinal toxicity in the current study. Furthermore, we did not observe any evidence of increased inflammation in rat eyes receiving hUTCs by subretinal injection, beyond that associated with laser-induced rupture of Bruch's membrane and the vehicle injection.

These combined data from previous and the current studies suggest that an hUTC-based therapy could provide intervention at both the dry and wet stages of AMD while eliminating some common drawbacks associated with the current anti-VEGF therapies. Future studies will be directed at tracking hUTC behavior at the molecular and cellular levels over time to enhance their therapeutic benefit over periods of progressively longer duration in animal models of retinal and choroidal disease.

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

The VEGF ELISA kit was from Thermo Scientific (Pittsburgh, PA). sVEGFR1 and rat VEGF ELISA kits were from R&D Systems (Minneapolis, MN). Recombinant human VEGF165 (a 165-amino acid splice variant of VEGF) was from EMD Chemicals (Gibbstown, NJ). Halt Protease inhibitor Single-Use Cocktail was obtained from Thermo Scientific (Pittsburgh, PA) and used at 1× or 3× the concentrations, as instructed by the vendor. Anti-human VEGFR1 antibodies (AF321 and BAF321) and normal goat immunoglobulin G (IgG) isotype control antibody were from R&D Systems (Minneapolis, MN). Recombinant human sVEGFR1 was from Cell Science (Canton, MA). Alexa Flour-conjugated Griffonia simplicifolia IB4 was obtained from Thermo Fisher Scientific (Waltham, MA), and anti-elastin was from Abcam (Cambridge, MA). Rat VEGF ELISA was obtained from R&D Systems (Minneapolis, MN).

Animals and Treatments {#sec4.2}
----------------------

All procedures were performed with strict adherence to guidelines for animal use and experimentation set forth by the Vanderbilt University Animal Care and Use Committee and the Association for Research in Vision and Ophthalmology.

Subretinal Injections {#sec4.2.1}
---------------------

The 6-week-old male Brown Norway rats (Charles River Laboratories, Wilmington, MA) were anesthetized with an intraperitoneal (i.p.) injection of ketamine (80 mg/kg)/xylazine (8 mg/kg) (Henry Schein, Melville, NY). Their pupils were dilated with 1% tropicamide (Alcon Pharmaceuticals, Ft. Worth, TX); they were placed in lateral recumbency under a Zeiss Operating Microscope (Zeiss, Peabody, MA), and the head was immobilized by holding it with one hand. GenTeal lubricant eye gel (Alcon Pharmaceuticals) was applied to the corneal surface and the fundus was visualized. A guide hole for the delivery of hUTCs was prepared as follows: while proptosing the eye, the globe was punctured with a 19°-beveled 30G needle (Hamilton, Reno, NV) immediately posterior to the corneal limbus at a steep angle to avoid touching the lens. The needle was retracted while keeping the head immobilized. A Hamilton syringe fitted with a 33G blunt-ended needle (Hamilton) was pre-loaded with 2 μL hUTC suspension. This needle was inserted into the guide hole at a steep angle to avoid contact with the lens and advanced through the eye until penetration of the retina and entrance into the subretinal space. The syringe was held in place by one operator while another slowly delivered its contents into the subretinal space, creating a visible retinal detachment. Following subretinal delivery, the needle was gently withdrawn. Immediately following the injection procedure, 2--3 drops of a 0.3% Tobramycin Ophthalmic Solution USP (Allivet, Miami, FL) was applied to the anterior surface of eye to prevent infection.

Four subretinal injection protocols were tested as follows: rats received subretinal injections of hUTCs or vehicle at 28, 14, or 7 days prior to laser treatment or at the time of laser treatment (0 days). CNV measurements were conducted 14 days post-laser treatment. For choroidal VEGF measurements, rats were treated with a subretinal injection of vehicle or hUTCs 7 days prior to laser application, or they were assigned to no-laser and/or no-injection control groups. Rats were sacrificed 3 days post-laser treatment, and VEGF protein levels in choroidal tissue were measured by ELISA.

LCNV {#sec4.2.2}
----

Rats were anesthetized with an i.p. injection of ketamine (80 mg/kg)/(8 mg/kg) xylazine (Henry Schein). The pupils were dilated with 1% tropicamide (Alcon Pharmaceuticals). Using a hand-held coverslip as a contact lens and GenTeal lubricating eye gel (Alcon Pharmaceuticals) as a medium contacting the coverslip and the service of the cornea, an AC-2000 argon laser photocoagulator operating at 488/514 nm (NIDEK, Fremont CA) coupled to a SL-1600 slit-lamp (NIDEK) was used to create four Bruch's membrane-penetrating burns equidistant from the optic nerve head in the retinal mid-periphery. Lesions were created with laser parameters that included 100-μm spot size, 0.1-s duration, and 120 mW.

Choroidal Flat-Mounts and Tissue Staining {#sec4.2.3}
-----------------------------------------

Choroidal mounts and tissue staining were performed in a manner similar to that described by Bora et al.[@bib74] Rats were deeply anesthetized and euthanized by cervical dislocation. The eyes were then enucleated and placed in 10% formalin (Sigma) for 2 h. The RPE-choroid-sclera complexes were obtained by hemisecting the eyes, removing the lens, and peeling the neural retina away from the underlying RPE. At least four radial cuts were made to allow this tissue to be flattened. Constituent endothelial cells of choroidal neovascular lesions were identified with IB4 (Sigma), while the elastin of the extracellular matrix was identified using goat anti-elastin antibody conjugated to Cy3 (Santa Cruz Biotechnology, Santa Cruz, CA). The flat-mount was then placed onto a microscope slide with the RPE side facing up. Gel Mount medium (Biomeda) was applied to the tissue before covering the slide with a coverslip. Choroidal mounts were visualized using the 10× objective of an epifluorescent compound microscope fitted with the appropriate excitation and emission filters (Provis AX-70, Olympus, Japan). Images of the neovascular lesions were captured using a digital camera attached to the Provis system (DP71, Olympus, Japan) with image capture software (DP Controller, Olympus, Japan).

Neovascular Lesion Area Measurement {#sec4.3}
-----------------------------------

Images of the neovascular lesions were opened in Adobe Photoshop. Lesion areas were selected by observers masked to treatment using a combination of the magic wand tool, with tolerance set at 40, and the lasso tool. The total area, in pixels, of the selection was obtained within the histogram view, and it was later converted to squared millimeters using the scale bar feature of the image-capturing software.

Choroidal VEGF Level Measurement {#sec4.4}
--------------------------------

Laser-induced rupture of Bruch's membrane was used to generate CNV in 6-week-old male Brown Norway rats. Rats were divided into treatment arms that included non-laser control, laser plus no injection, vehicle injection, and hUTC injection administered 7 days pre-laser. Choroidal tissues were dissected at 3 days post-laser treatment and homogenized, and VEGF protein was measured using a rat VEGF ELISA (R&D Systems, RRV00). VEGF protein levels were normalized to total protein in the choroidal tissues. Collected tissues included choroid, Bruch's membrane, and RPE.

hUTC Culture {#sec4.5}
------------

hUTCs were isolated, cultured, and cryopreserved as previously described.[@bib35] Briefly, human umbilical cords were obtained with donor consent following live births from the National Disease Research Interchange (Philadelphia, PA). Tissues were minced and enzymatically digested at 37°C, shaking for around 3 h until most (∼90%) of the tissue had been digested. After almost complete digestion with a DMEM-low glucose (LG) medium (Invitrogen, Carlsbad, CA), containing a mixture of 0.5 U/mL collagenase (Serva Electrophoresis), 5 U/mL neutral protease (Serva Electrophoresis), and 2 U/mL hyaluronidase (Cumulase, Origio), the cell suspension was filtered through a 70-μm filter, and the supernatant was centrifuged at 350 × *g*. Isolated cells were washed in DMEM-LG a few times and seeded at a density of 5,000 cells/cm^2^ in DMEM-LG medium, containing 15% (v/v) fetal bovine serum (FBS) (HyClone, Logan, UT) and 4 mM L-glutamine (Gibco, Grand Island, NY). When cells reached approximately 70% confluence, they were passaged using TrypLE (Gibco, Grand Island, NY). Cells were harvested after two to three passages and banked.

Preparation of hUTC and ARPE-19 CM {#sec4.6}
----------------------------------

On day 1, hUTCs or ARPE-19 cells were thawed and plated in a 6-well plate at 0.288 × 10^6^ cells/2.4 mL/well in DMEM-LG medium containing 15% (v/v) FBS (HyClone, Logan, UT) and 4 mM L-glutamine (Gibco, Grand Island, NY). On day 2, medium was aspirated and replenished with DMEM/F12 medium (ATCC) containing 10% v/v FBS, 50 U/mL penicillin (Invitrogen), and 50 μg/mL streptomycin (Invitrogen). Cells remained in these culture conditions for 48 h, after which CM from hUTCs or ARPE-19 cells was collected to be used for experiments or frozen at −70°C for future use.

Co-culture of hUTCs with ARPE-19 Cells {#sec4.7}
--------------------------------------

hUTCs were plated at various densities (0, 3.75, 7.5, 15, 30, and 60 × 10^3^ cells/1 mL/well) in a 24-well plate in DMEM (LG; Invitrogen, Carlsbad, CA), containing 15% v/v FBS (HyClone, Logan, UT), 50 U/mL penicillin, 50 μg/mL streptomycin (Invitrogen, Carlsbad, CA), and 4 mM glutamine (Invitrogen, Carlsbad, CA). After 24 h in culture, ARPE-19 cells were then plated on top of hUTCs (60 × 10^3^ cells/1 mL/well in a 24-well plate) in DMEM/F12 medium (Invitrogen, Carlsbad, CA), containing 10% v/v FBS, 50 U/mL penicillin, and 50 μg/mL Streptomycin. After 24 h of co-culture, media were aspirated and replenished with fresh media (0.5 mL/well). Cell culture supernatants were collected in 24 h followed by VEGF measurement by ELISA.

Immunoprecipitation {#sec4.8}
-------------------

10 μg recombinant human VEGF165 (PeproTech, Princeton, NJ)/mg Dynabeads (Thermo Fisher Scientific, Rochester, NY) was conjugated, per the manufacturer's directions, for a final concentration of 10 mg beads/mL (100 μg VEGF/mL). 15 mL hUTC CM or control medium was mixed with 0.3 mg VEGF-conjugated bead solution. Samples were incubated by rolling for 30 min at 4°C and washed with a buffer (100 mM Tris, \[pH 7.4\], 100 mM NaCl, 100 mM KCl, 1 mM MgCl~2~, 1 mM CaCl~2~, 1 mM EDTA buffer, and 1% protease inhibitors). Samples were then eluted in 50 μL 50 mM HCL for 5 min, and the eluates were finally mixed with 5 μL 1.0 M Tris (pH 8.5). For western blot analysis, 40 μL Tris-eluate solution mixed with NuPAGE LDS Sample Buffer (4×) (Life Technologies, Carlsbad, CA) and 25 ng recombinant human soluble VEGFR1 were submitted to SDS-PAGE, and the gel-resolved proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% (w/v) BSA, and subsequently it was probed with a biotinylated anti-VEGFR1 antibody (R&D Systems, Minneapolis, MN), targeting the extracellular region of VEGFR1. After washing, the membrane was incubated with streptavidin-horseradish peroxidase (HRP) (Jackson ImmunoResearch Laboratories, West Grove, PA), and immunoreactive bands were visualized with enhanced chemiluminescence western blotting substrate. The remaining eluate was used for MS analysis to identify VEGF-binding factors in hUTC CM.

MS {#sec4.9}
--

Two immunoprecipitation pull-down samples, prepared from hUTC CM and control medium (medium alone), were processed for MS analysis. The samples were concentrated, reduced, alkylated, and digested. Protein identification was then done using tryptic digestions of binding fractions, followed by peptide mapping and data analysis.

R&A Peptide Digestion {#sec4.10}
---------------------

The samples (∼150 μL each) were concentrated to approximately 15 μL in a vacuum centrifuge. They were reduced (R) by mixing with 2 μL 100 mM dithiothreitol (DTT), after which the solution was incubated at 60°C for 30 min. After reduction, the samples were alkylated (A) by adding 2 μL 100 mM iodoacetamide (IAA) and incubating at room temperature (RT) in the dark for 20 min. Finally, a 1.0 μL aliquot of trypsin (\[C\] = 0.5 μg/μL) was added, and the solutions were digested overnight (∼16 h) at 37°C.

High-Performance Liquid Chromatography (HPLC)-MS Data Generation {#sec4.11}
----------------------------------------------------------------

The peptide digests were analyzed using a Dionex U3000 HPLC coupled with a Bruker Daltonics micrOTOF-Q II mass spectrometer. An 18 μL aliquot of sample was injected for each analysis. The digests were separated using an LC Packings Acclaim PepMap C~**18**~, 180 μm × 150 mm, 3 μm d~p~ column; solvent A was 0.1% formic acid (FA) in water and solvent B was acetonitrile. The column was maintained at a temperature of 65°C. The flow rate was 6.0 μL/min, and the flow passed directly into the micrOTOF mass spectrometer. The electrospray emitter was held at ground, the transfer capillary voltage was −4.5 kV, and the end plate offset voltage was set at −500 V. One analysis was performed per sample: the top 5 data-directed analysis (DDA) with precursors selected from the mass range *m/z* 400--1,700.

Data Analysis {#sec4.11.1}
-------------

The results were searched against the NCBI non-redundant database (October 2, 2011 release) with human taxonomy. Identified proteins listed in [Table 1](#tbl1){ref-type="table"} were made from peptide MS/MS data with a significance of p \< 0.05 and the expectation threshold was set at ≤0.05.

Statistical Analysis {#sec4.12}
--------------------

For *in vivo* efficacy and VEGF protein studies, statistical significance was assessed by ANOVA coupled with a Student's t test post hoc analysis. A p value \<0.05 was considered statistically significant. All illustrations and statements of variability refer to SEM.
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[^1]: Two or more peptides are required for high-confidence protein identification.
